The bacterium Ralstonia eutropha H16 synthesizes polyhydroxybutyrate (PHB) from acetyl coenzyme A (acetyl-CoA) through reactions catalyzed by a ␤-ketothiolase (PhaA), an acetoacetyl-CoA reductase (PhaB), and a polyhydroxyalkanoate synthase (PhaC). An operon of three genes encoding these enzymatic steps was discovered in R. eutropha and has been well studied. Sequencing and analysis of the R. eutropha genome revealed putative isologs for each of the PHB biosynthetic genes, many of which had never been characterized. In addition to the previously identified phaB1 gene, the genome contains the isologs phaB2 and phaB3 as well as 15 other potential acetoacetyl-CoA reductases. We have investigated the roles of the three phaB isologs by deleting them from the genome individually and in combination. It was discovered that the gene products of both phaB1 and phaB3 contribute to PHB biosynthesis in fructose minimal medium but that in plant oil minimal medium and rich medium, phaB3 seems to be unexpressed. This raises interesting questions concerning the regulation of phaB3 expression. Deletion of the gene phaB2 did not result in an observable phenotype under the conditions tested, although this gene does encode an active reductase. Addition of the individual reductase genes to the genome of the ⌬phaB1 ⌬phaB2 ⌬phaB3 strain restored PHB production, and in the course of our complementation experiments, we serendipitously created a PHB-hyperproducing mutant. Measurement of the PhaB and PhaA activities of the mutant strains indicated that the thiolase reaction is the limiting step in PHB biosynthesis in R. eutropha H16 during nitrogen-limited growth on fructose.
Polyhydroxyalkanoates (PHAs) are natural polyesters synthesized by a wide range of bacteria as carbon and energy reserves. PHAs are typically stored when organisms are in an environment in which carbon is plentiful but the lack of another nutrient limits normal cell growth. It has been found that in environments with fluctuating carbon levels, PHA producers have crucial advantages over rival species (14) . In addition to their importance in the microbial world, these polymers have been studied for their potential uses in biodegradable consumer goods (12) and medical products (22) and as chemical precursors (4) . Although many PHA monomers have been discovered, the most common are 3-hydroxyalkanoates (32) . Common PHAs are typically characterized by their constituent monomers as short-chain-length polymers (SCL-PHA; C 4 and C 5 monomers) or medium-chain-length polymers (MCL-PHA; C 6 and longer monomers).
The model organism used to study PHA biosynthesis is the Gram-negative bacterium Ralstonia eutropha. This organism accumulates a high percentage of its cell dry weight (CDW) as SCL-PHA under nutrient limitation. When grown on sugars or plant oils, R. eutropha makes poly(3-hydroxybutyrate) (PHB) almost exclusively, although the addition of precursors such as propionate to the growth medium can lead to incorporation of 3-hydroxyvalerate into the polymer chain as well (2) . An operon of biosynthetic genes from R. eutropha encoding enzymes sufficient for synthesis of PHB from acetyl coenzyme A (acetyl-CoA), which consisted of phaC-phaA-phaB, was discovered in the late 1980s (25, 26, 36) . In this pathway, two molecules of acetyl-CoA are condensed by a ␤-ketothiolase (PhaA) and the resulting acetoacetyl-CoA is reduced by a reductase (PhaB) to form (R)-3-hydroxybutyryl-CoA (HB-CoA), which is the substrate for the PHA synthase (PhaC). Sequencing and analysis of the R. eutropha genome revealed the existence of putative isologs for each of the PHA synthetic genes (29) . While the existence of alternate ␤-ketothiolases was already known (39) , most of the potential isologs identified had never been characterized.
Our group wanted to better understand how acetoacetylCoA reduction occurs in R. eutropha. In addition to the earlieridentified phaB gene, now referred to as phaB1 (GeneID, 4249784), the genes phaB2 (GeneID, 4249785) and phaB3 (GeneID, 4250155) were discovered on R. eutropha chromosome 1. Fifteen other potential isologs were also found to encode amino acid sequences that could potentially indicate acetoacetyl-CoA reductase activity (29) . The roles of the newly discovered genes in PHB biosynthesis were unclear, especially given the results of an earlier biochemical study that suggested there was a single NADPH-dependent acetoacetyl-CoA reductase in R. eutropha (10) . In order to determine the roles of the reductase genes in R. eutropha, we deleted phaB1, phaB2, and phaB3 from the genome both individually and in combination. In addition to characterizing these newly discovered genes, we also hoped to eliminate or diminish formation of HB-CoA by stopping the reduction reaction. Efforts to purify the PHA synthase from R. eutropha have been complicated by the high levels of PHB made by this organism (7) . Studying formation and growth of PHB granules is difficult because PHB accumulates at a high rate, causing individual granules to coalesce and become indistinct (44) . We therefore believed that an R. eutropha strain with decreased HB-CoA synthesis would be a useful experimental tool and could also serve as a platform for engineering new PHA synthesis pathways into R. eutropha.
MATERIALS AND METHODS
Bacterial strains and cultivation conditions. All experiments were performed with Ralstonia eutropha H16 (ATCC 17699) and mutants derived from this strain ( Table 1) . R. eutropha strains were grown aerobically at 30°C in both rich and minimal media. The rich medium was dextrose-free tryptic soy broth (TSB) medium (Becton Dickinson, Sparks, MD). The minimal medium had an initial pH of 6.8 and was composed of 4.0 g/liter NaH 2 PO 4 , 4.6 g/liter Na 2 HPO 4 2 O dissolved in 0.1 M hydrochloric acid. Carbon and nitrogen sources were added to this defined medium as described in the text. All media contained 10 g/ml gentamicin sulfate. Medium components were purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise specified.
Growth in rich medium was carried out by inoculating 6 ml of TSB with a single colony from a TSB agar plate. These cultures were incubated for 24 h on a roller drum and then used to inoculate 100-ml cultures of TSB to an initial optical density at 600 nm (OD 600 ) of 0.05. The 100-ml cultures were grown in 500-ml baffled flasks and shaken at 200 rpm. Samples were taken from the flask cultures at various time points for analysis.
Growth in minimal media was carried out by inoculating 3 ml of TSB with a single colony from a TSB agar plate. These cultures were incubated 24 h on a roller drum and then used to inoculate 5 ml of minimal medium containing 2% fructose and 0.1% NH 4 Cl. Aliquots from the minimal medium precultures were used to inoculate minimal medium flask cultures to an initial OD 600 of 0.05. The minimal medium generally contained 2% fructose and 0.05% NH 4 Cl. This fructose concentration was sufficiently high that carbon limitation never occurred in these cultures. In one set of experiments, 1% emulsified palm oil (Wilderness Plasmid and strain construction. The method for deletion and insertion of genes in the R. eutropha genome was in accordance with the procedure described by York et al. (46) . Standard techniques were used to amplify, manipulate, and prepare DNA (35) . DNA was routinely amplified using high-fidelity Taq polymerase (Qiagen, Valencia, CA) and digested using restriction enzymes from New England BioLabs (Ipswich, MA). All oligonucleotide sequences used in this study are provided in Table S1 in the supplemental material.
Plasmids used to make markerless deletions in the R. eutropha chromosome were created by first constructing stretches of DNA in which the regions upstream and downstream of a given gene were connected. This was done by first amplifying ϳ500 bp of sequence upstream and downstream of the gene. Primers were designed such that the two fragments had identical 16-bp sequences at the ends that were to be connected. The 16-bp sequence included a SwaI restriction site for future cloning applications. A single, connected DNA fragment was created by overlap extension PCR. The primers used in the overlap PCR were designed so that the final product had BamHI restriction sites at each end. The product of the overlap PCR was cloned into a TOPO vector (Invitrogen, Carlsbad, CA) and sequenced. The TOPO vector was digested with BamHI, and the fragment for making the deletion was isolated and then ligated into the backbone of pGY46 digested with the same enzyme. The plasmid pGY46 has previously been used to delete the R. eutropha phaC1 gene (46) . Gene deletion plasmids were transformed into Escherichia coli S17-1 and introduced into R. eutropha via conjugative transfer. R. eutropha strains with potential deletions were assessed by diagnostic PCR.
Complementation experiments were carried out by integrating potential reductase genes into the genome of strain Re2115. The genes phaB1, phaB2, phaB3, and fabG (GeneID, 4246984) were amplified from the R. eutropha genome by PCR, cloned into TOPO vectors, and sequenced. The gene phaB3 was cloned twice, once using the sequence as annotated in the published genome (29) and once using an alternate start codon 30 bp upstream of the annotated start. The primers were designed such that all genes had an AscI restriction site upstream of the gene and a PacI site downstream of the gene. Additionally, the primers that hybridized to the 5Ј end of each gene were designed so that the 11 bp immediately upstream of the start codon of each gene were AGGAGATC TCC, which ensured that each gene had an identical ribosome binding site (RBS) in the complemented strains. The TOPO vectors containing each gene were digested with AscI and PacI, and then the DNA fragment with the gene was isolated and blunted using a New England BioLabs quick-blunting kit. Finally, each gene was cloned into the SwaI site of pCB42 (the plasmid used to delete phaB1), creating plasmids for integrating each gene into the Re2115 genome at the ⌬phaB1 locus. Gene integration was carried out as previously described (46) . All strains and plasmids used in this study are described in Table 1 .
Polymer analysis. PHB content and cell dry weight (CDW) were measured by transferring 4 to 9 ml of culture to preweighed glass test tubes at various time points. Cells were pelleted, washed with 5 ml cold water, pelleted again, and dried under a vacuum at 80°C. Samples from palm oil cultures were prepared using the same protocol, except the washing was performed with a mixture of 4 ml cold water and 2 ml cold hexane. The hexane was added to remove unused oil from the samples. PHB content and CDW were determined from the dried samples using established methods (16, 47) . The residual cell dry weight (RCDW) was calculated as the CDW minus the mass of PHB.
PHB molecular weight was measured for polymer extracted from strains grown in fructose minimal medium. After 48 and 72 h of growth, 40 ml of culture was harvested, pelleted, washed with 25 ml cold water, pelleted again, resuspended in 5 ml water, frozen at Ϫ80°C, and lyophilized. At each time point, samples were also taken for quantification of PHB content. Freeze-dried cells were weighed into glass test tubes, and sufficient chloroform was added so that the dissolved PHB would have a concentration of 3 mg/ml. The test tubes were incubated in a Reacti-Therm heating/stirring module (Pierce, Rockford, IL) at 50 to 55°C with refluxing for 48 h, with stirring provided by magnetic stir bars. Chloroform lost due to evaporation was replaced over the course of the extraction. At the end of the extractions, the samples were cooled and cellular debris was removed by filtering the PHB solutions using 0.2 m polyvinylidene difluoride (PVDF) syringe filters (Pall, Port Washington, NY).
The molecular weight of the extracted PHB was measured using gel permeation chromatography (GPC). Molecular weights were determined relative to a series of low-polydispersity polystyrene standards, with peak molecular weights ranging from 1.1 ϫ 10 3 to 13.2 ϫ 10 6 (part no. PL2010-0104; Polymer Laboratories). All molecular weight standards and experimental samples contained isopropanol as an internal standard to normalize retention times. Samples were run on an Agilent 1100 high-performance liquid chromatograph (HPLC; Santa Clara, CA) connected to a computer running Chemstation software. Polymers were separated using a PLgel Olexis guard column and two PLgel Olexis analytical columns, all connected in series and purchased from Polymer Laboratories (part no. PL1110-6400 and PL1110-1400). Chloroform was used as the mobile phase at a flow rate of 1 ml/minute, with the columns maintained at 30°C. One hundred microliters of each sample was injected onto the columns, and the eluted polymer was detected with a refractive index detector. Calibration of the system and analysis of the experimental samples were performed using the Agilent GPC data analysis software package.
Enzymatic assays. Acetoacetyl-CoA reductase activity was measured for the soluble fraction from cellular lysates of R. eutropha strains. Cultures were grown in fructose minimal medium, harvested after 24 h of growth, pelleted, and stored at Ϫ80°C. Lysates were prepared by thawing the pellets on ice and resuspending them in 50 mM potassium phosphate buffer (pH 6) using 5 ml buffer per gram of wet cell mass. One milliliter of suspended cells was transferred to a 2-ml screw top plastic vial containing 0.6 g of 0.1-mm zirconia/silica beads (BioSpec Products, Bartlesville, OK). Vials were loaded onto a FastPrep-24 (MP Biomedicals, Solon, OH) and treated twice at 6.0 m/s for 40 s, with a 5-min break between treatments. After lysis, the samples were centrifuged for 15 min at 4°C. Remaining insoluble debris was removed from the supernatants by filtering it through 0.45-m low-protein-binding Supor syringe filters (Pall), yielding the soluble lysate fractions that were used for enzymatic assays. Lysates were stored on ice while the experiments were conducted. Reductase activity obtained with the use of either NADPH or NADH as the cofactor was measured at pH 6 and 25°C using the published protocol (10) . The assay reaction mixtures contained 50 mM potassium phosphate buffer, 0.1 mM NADPH or NADH, and 32 M acetoacetyl-CoA. When acetoacetyl-CoA was not included in the assay, addition of R. eutropha lysate did not result in increased NADPH or NADH oxidation relative to the level for the no-lysate control.
The ␤-ketothiolase activity in the soluble fraction of cellular lysates of R. eutropha strains was measured in the thiolysis direction using acetoacetyl-CoA as the substrate. Lysates were prepared as described above, except cells were harvested after 48 h of growth and the cell pellets were resuspended in 150 mM 4-(2-hydroxyethyl)-1-piperazinepropanesulfonic acid (EPPS) buffer, pH 8. The enzymatic activity assays were carried out at 25°C as described by Slater et al. (39) . The assay reaction mixtures contained 150 mM EPPS (pH 8), 50 mM MgCl 2 , 40 M acetoacetyl-CoA, and 0.1 mM CoA. In both the reductase and the ␤-ketothiolase assays, acetoacetyl-CoA sodium salt was purchased from MP Biomedicals, while all other chemicals were from Sigma-Aldrich. The protein concentrations necessary for specific activity calculations were measured using a modified Bradford assay (48) . For both assays, specific activities for pairs of strains were compared using the one-tailed Student t test, with relevant results given in the text.
Purification of His-tagged proteins. Reductase enzymes from R. eutropha were expressed in E. coli and purified. The expression and purification methods were adapted from a protocol previously used for purification of E. coli FabG (11). The R. eutropha genes phaB1, phaB2, phaB3, and fabG were amplified via PCR with primers that added a BamHI site to the 5Ј end of each gene and a BlpI site to the 3Ј end of each gene. The PCR fragments were digested with these restriction enzymes and cloned into pET-15b cut with BamHI and BlpI, resulting in genes encoding N-terminal His-tagged versions of each enzyme. Plasmids were transformed into E. coli strain Tuner(DE3), which allowed for inducible protein expression. The R. eutropha genes contain codons that are rare in E. coli; therefore, each Tuner(DE3) strain was also transformed with pRARE2. All strains were grown at 30°C in lysogeny broth (LB) containing 100 g/ml ampicillin and 34 g/ml chloramphenicol. When an OD 600 of 0.5 was reached, protein expression was induced by addition of 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside). Cells were harvested 4 h after induction and pelleted. Cell pellets were resuspended in sodium phosphate buffer (20 mM, pH 7.4) and lysed with a French press. Cell debris was removed by centrifuging the lysates and filtering the supernatants through 0.2-m low-protein-binding filters. Clarified lysate was loaded onto a Ni Sepharose fast-flow column (GE Healthcare, Piscataway, NJ), and fractions were collected with a BioLogic LP chromatography system (BioRad, Hercules, CA). The elution buffer contained 20 mM sodium phosphate and 0.5 M NaCl (pH 7.4) and was run at a flow rate of 5 ml/min. The imidazole concentration in the buffer was increased from 40 mM to 500 mM over the course of each purification. Fractions in which only the protein of interest was VOL. 192, 2010 ROLES OF ACETOACETYL-CoA REDUCTASES IN R. EUTROPHAvisible on an SDS-PAGE gel were collected, concentrated, and dialyzed against storage buffer (20 mM sodium phosphate, 0.2 M NaCl, pH 7.4). The specific activities of the purified enzymes were measured using the reductase assay described above.
RESULTS
Growth and PHB production of R. eutropha reductase mutants in different media. All of the different phaB deletion strains were initially grown in fructose minimal medium and TSB rich medium to determine the influence of the mutations on cell growth and PHB accumulation, as shown in Fig. 1 . In minimal medium, the RCDWs of all strains increased until nitrogen in the medium was exhausted, sometime between 12 and 24 h. After nitrogen limitation occurred, RCDW remained constant and all strains reached approximately the same RCDW (Fig. 1B) . Similarly, the RCDWs for all strains were nearly identical in TSB (Fig. 1D ). This indicates that deletion of the reductase genes did not influence cell growth. In fructose minimal medium, all strains in which phaB1 was present accumulated similar amounts of PHB (Fig. 1A) . Strains in which phaB1 was deleted but phaB3 was present showed similar levels of PHB production to H16 from 12 to 48 h, but at the 72 h time point, there was clearly less PHB in these strains than in the wild-type strain. Strains in which both phaB1 and phaB3 were deleted produced markedly less PHB than the other strains in the study. After 72 h in fructose minimal medium, strains Re2113 (⌬phaB1 ⌬phaB3) and Re2115 (⌬phaB1 ⌬phaB2 ⌬phaB3) contained Ͻ20% of CDW as PHB, compared to 75% of CDW as PHB for H16. Deletion of phaB2 did not produce an observable phenotype in this medium or under any of the other conditions tested.
It has been shown that when R. eutropha is grown in rich medium, it typically accumulates a relatively low level of PHB early in the culture, which is then metabolized as the cells continue to grow (34) . All strains with the phaB1 gene exhibited this pattern of PHB production in TSB, while strains in which phaB1 had been deleted made almost no PHB at any point during the experiment (Fig. 1C) . There is some variation in the amount of polymer produced by the strains that make PHB in TSB (H16, Re2106, Re2107, and Re2114), which is most evident at the 9-and 12-h time points. We believe that the observed variations between these strains were due to difficulties in measuring the low levels of PHB and not phenotypic differences between strains.
After observing different levels PHB production by some reductase mutant strains in fructose minimal medium and TSB, we decided to test another minimal medium, in which a different carbon source was provided. Plant oils have been proposed as potential feedstocks for industrial PHA production (1). We therefore grew several reductase mutants in minimal medium with palm oil as the sole carbon source and measured PHB production (Fig. 2) . The strain with only phaB1 (Re2114) produced the same amount of PHB as H16, as was the case in the fructose medium. The strain with only phaB3 (Re2112), however, accumulated almost no PHB in the palm FIG. 1. R. eutropha reductase mutants exhibited different levels of PHB accumulation in both minimal and rich media. Strains were grown in fructose minimal medium, and PHB production (A) and RCDW (B) were measured. For plot A, note that the data points for the low-level-PHB-producing ⌬phaB1 ⌬phaB3 and ⌬phaB1 ⌬phaB2 ⌬phaB3 strains overlap. Strains were also grown in TSB, and PHB production (C) and RCDW (D) were measured. All data points are averages from duplicate cultures.
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oil medium, in stark contrast to its behavior in fructose medium. Expression of reductase genes. Our group recently reported whole-cell gene expression microarray data for R. eutropha H16 grown in minimal media with fructose or trioleate as the sole carbon source (3). Trioleate served as a model for plant oils. Transcript levels were measured with each carbon source during the growth phase and PHB storage (i.e., nitrogen-limited) phase of the cultures. We examined these data to determine the expression of the reductase genes under different conditions (Table 2 ). Gene expression is reported relative to fnr3 expression (GeneID, 4248836), a FNR-like transcriptional regulator. We found that expression of this gene varied Ͻ20% across all conditions studied (3), making fnr3 a suitable gene to use for normalization. By this analysis, phaB1 was the most highly expressed reductase. Expression of this gene was approximately constant in fructose cultures but increased in trioleate cultures when nitrogen limitation was reached. Expression levels of phaB2 were very low under all conditions. Expression levels of phaB3 were relatively high during the growth phase of fructose cultures, but expression decreased over 10-fold after nitrogen in the medium was depleted. There was little phaB3 expression at any point in the trioleate cultures. The gene fabG was expressed in the presence of both carbon sources, and in both cases, gene expression levels were lower under nitrogen-limited conditions.
Complementation of reductase mutations. In order to confirm that the deletion of the phaB genes was responsible for the observed decreases in PHB accumulation, we introduced reductase genes into Re2115. Because of reported issues with plasmid stability in R. eutropha (40) , we chose to integrate the reductase genes into the Re2115 genome at the original phaB1 locus, which also meant that all reductase genes would then be expressed from the promoter of the phaCAB operon. In addition to the phaB genes, we investigated the ability of R. eutropha fabG to restore PHB production. FabG is a 3-ketoacyl reductase that is part of the fatty acid synthesis pathway (30) . This enzyme's normal function is to reduce 3-ketoacyl-[acyl carrier protein] molecules, as opposed to the 3-ketoacyl-CoA substrates used by PhaB1.
The complemented strains were grown in fructose minimal medium, and PHB production was measured (Fig. 3) . We found that the strain in which phaB1 was reintroduced to the Re2115 genome (Re2139) stored slightly more PHB than H16. The strain in which phaB2 was added to Re2115 (Re2140) made more PHB than Re2115 but substantially less than H16. When we initially integrated phaB3 into the Re2115 genome (Re2141), PHB accumulation was the same as that observed for Re2115 (data not shown). This was an unexpected result, as Re2112 made significantly more PHB than Re2115 in fructose cultures. When cloning phaB3 to make Re2141, we used the start codon shown in the annotated genome. After examining the genome sequence, we determined that there was an alternate start codon 30 bp upstream of the annotated start. Addition of these bases to phaB3 results in an open reading frame the same length as phaB1. We cloned the phaB3 gene again using the upstream start codon and created Re2143. Surprisingly, not only was PHB production restored, but Re2143 actually made significantly more polymer than H16. It is unclear   FIG. 2 . PHB accumulation of Re2112 (⌬phaB1 ⌬phaB2) changed when palm oil was used as the sole carbon source instead of fructose. Select strains were grown in palm oil minimal medium, and PHB production was measured. All data points are averages from duplicate cultures. a Expression levels were determined based on data from reference 3. Gene expression is reported relative to fnr3 expression (see Results for details).
FIG. 3.
Addition of reductase genes to the Re2115 genome restored PHB production. H16, Re2112, and Re2115 (dashed lines) were grown at the same time as the complemented strains (solid lines) (genes added to each strain are indicated) in fructose minimal medium, and PHB production was measured. The points labeled "ϩphaB3" are from strain Re2143. Note that the ⌬phaB1 ⌬phaB2 ⌬phaB3 and "ϩfabG" points overlap. All data points are averages from duplicate cultures.
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why the addition of 10 amino acids (MKKIALVTGG) to the N terminus of PhaB3 was necessary to restore PHB production in this experiment, but protein alignments show that many of these residues are well conserved in both the PhaB sequences and the FabG sequences from several species (5). We therefore concluded that the start codon of phaB3 in the published genome is misannotated. The addition of fabG to the phaB1 locus of Re2115 had no observable impact on PHB production. PhaB and PhaA activities in mutant strains. The NADPHdependent acetoacetyl-CoA reductase specific activity measurements for the various strains correspond well to the PHB production data (Table 3) . Deletion of phaB3 from H16 resulted in a slight decrease in activity, while deletion of phaB1 led to a dramatic decrease. Both the phaB1 and the phaB3 single mutants have significantly higher levels of reductase activity than Re2115 (P Ͻ 0.01 for Re2107 and P Ͻ 0.05 for Re2111). Deletion of phaB2 had no significant effect on reductase activity, which agrees with the earlier finding that deletion of this gene did not affect PHB accumulation. Addition of phaB1 and phaB3 to the Re2115 genome led to increases in reductase activity, but neither Re2139 nor Re2143 reached the activity level of Re2114. At the 24-h time point, at which cells were harvested from fructose medium to make these measurements, all strains except Re2113 and Re2115 had approximately the same PHB content, despite their differences in reductase activity. These data suggest that there is a threshold value for reductase activity that allows for wild-type levels of PHB production and that Re2113 and Re2115 fall below this threshold. When NADH was provided as the cofactor, there was no significant difference in the specific activities of the phaB mutants (single-factor analysis of variance [ANOVA]; ␣ ϭ 0.15 and F Ͻ F crit ), indicating that these reductases chiefly use NADPH as the electron donor.
After finding that Re2139 and Re2143 made more PHB than H16, we measured ␤-ketothiolase activity in some of the mutant strains to determine if mutations at the phaB1 locus influenced thiolase activity, as phaA is located immediately upstream of phaB1 in the genome (Table 4 ). Re2112 and Re2115 had greater thiolase-specific activity than H16 (P Ͻ 0.01), suggesting that deletion of phaB1 increased phaA expression. Addition of genes to the Re2115 genome again altered thiolase activity, with each of the complemented strains showing different results. Although Re2139 made more PHB than H16, there was not a statistically significant difference in the thiolase activities of the two strains. Re2143, which exhibited the highest level of PHB accumulation, had significantly greater thiolasespecific activity than H16 (P Ͻ 0.05).
It has been shown in vitro that copies of all enzymes necessary for PHB synthesis from acetyl-CoA are present on the surfaces of PHB granules isolated from R. eutropha (45) . As all enzyme assays in this study were performed using only the soluble fraction of cell lysates, it is possible that some reductase and thiolase activity was not accounted for in our experiments. However, as significant differences in both PhaA and PhaB activities were found in strains making similar amounts of PHB (e.g., H16 and Re2112), we are confident that differences in soluble specific activities reflect actual differences in enzyme levels and are not due to differences in PHB content.
Activities of purified reductases. His-tagged versions of PhaB1, PhaB2, PhaB3, and FabG were expressed in E. coli and purified to homogeneity. The upstream start codon was used when phaB3 was PCR amplified for this experiment. The specific activity of each reductase was measured using acetoacetylCoA as the substrate and NADPH as the cofactor. Assays were carried out in triplicate, and the average specific activities in U/mg were as follows: for PhaB1, 1,110 Ϯ 50; for PhaB2, 6.3 Ϯ 0.1; for PhaB3, 44 Ϯ 7; and for FabG, 0.64 Ϯ 0.03. The negative control [crude lysate from Tuner(DE3) harboring empty pET-15b] had a specific activity of Ͻ0.05 U/mg. It is notable that PhaB1 and PhaB3, the reductases shown to contribute to PHB biosynthesis in our genetic studies, had the highest specific activities.
Molecular weight of PHB from mutant strains. We next wanted to determine how the sizes of the PHB chains synthesized by some of the mutant strains compared to that of polymer from H16. PHB from H16, Re2112, Re2115, and Re2143 was extracted, and the molecular weights relative to polystyrene standards were measured via GPC (Table 5) . We report the number-average (M n ) and the weight-average (M w ) molecular weights for each sample. We observed that for H16, Re2112, and Re2115 PHB, molecular weight decreased with the amount of polymer stored by a given strain. Re2143 deviated from this trend, as PHB from this strain had a lower molecular weight than polymer from H16, despite the fact that 
Re2115::phaB1 0.5 Ϯ 0.1
a All strains were grown in duplicate, and each sample was measured twice (n ϭ 4 for each strain). Measurements were made with soluble lysate fractions. Values are reported as means Ϯ standard deviations (SD). One unit of activity is defined as the amount of enzyme needed to convert 1 mol acetoacetyl-CoA to product per minute at 25°C. Re2115::phaB3 1.0 Ϯ 0.1 a All strains were grown in duplicate, and each sample was measured twice (n ϭ 4 for each strain). Measurements were made with soluble lysate fractions. Values are reported as means Ϯ SD. One unit of activity is defined as the amount of enzyme needed to convert 1 mol acetoacetyl-CoA to product per minute at 25°C.
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Re2143 was more productive. For all strains, polymer extracted from the 72-h samples had lower molecular weight than polymer from the 48-h samples.
DISCUSSION
The number of different acetoacetyl-CoA reductases encoded by the R. eutropha genome and their roles in PHB biosynthesis were previously unclear. Biochemical studies initially suggested that there was one NADPH-dependent reductase and one NADH-dependent reductase expressed in R. eutropha, with only the NADPH-dependent enzyme producing the (R)-HB-CoA necessary for polymerization (10) . The gene phaB1 was subsequently discovered using a genetic screen, and the existence of additional phaB genes was proposed (26) . Analysis of the R. eutropha genome revealed phaB2 and phaB3, as well as 15 other phaB isologs (29) , although it is unclear what cutoff was used in predicting these additional isologs. Phylogenetic analysis of the nucleotide and encoded-aminoacid sequences of phaB1, phaB2, and phaB3 suggests that these genes are paralogs that resulted from gene duplication events (see Fig. S1 in the supplemental material) .
The results of this study indicate that under some growth conditions, both PhaB1 and PhaB3 contribute to PHB biosynthesis but that under others, only PhaB1 provides the reductase activity necessary for HB-CoA formation. Interestingly, even strains with the least reductase activity (Re2113 and Re2115) showed a low level of PHB accumulation in minimal media, suggesting either that some reductase activity is provided by other enzymes (see Fig. S1 in the supplemental material) or that there is a secondary route for synthesis of HB-CoA. Our findings are analogous to work done with R. eutropha ␤-ketothiolases in which multiple enzymes are present but PhaA provides the majority of the activity for PHB synthesis (39) , although in the case of the thiolases, the different enzymes exhibit different substrate preferences.
Efforts to purify acetoacetyl-CoA reductase enzymes from a glucose-utilizing R. eutropha mutant, prior to the discovery of the PHB biosynthetic genes, resulted in the suggestion that there was a single NADPH-dependent reductase (10) . We were unable to replicate the growth conditions from this study, as wild-type H16 cannot use glucose as a sole carbon source (29) . Assuming that both phaB1 and phaB3 were expressed by the mutant during growth on glucose, it is possible that PhaB1 and PhaB3 copurified, as the enzymes have nearly identical molecular weights (26. [PhaB3], assuming the upstream start codon) and similar peptide sequences (52% identity according to ClustalW2 alignment [19] ). Given that phaB1 is expressed at a much higher level than phaB3 (Table 2) , it is also possible that the low level of PhaB3 in the cellular lysate escaped detection.
Interesting questions exist concerning the regulation of phaB3 expression. In fructose minimal medium, mutants with only phaB3 remaining in the genome showed PHB production similar to that observed for the wild type through 48 h of growth (Fig. 1) . In the final 24 h of the experiment, little additional PHB was made in these strains, while polymer continued to accumulate in strains containing phaB1. Expression data show that phaB3 is expressed during growth on fructose but that expression decreases dramatically when nitrogen limitation is reached (Table 2) . Without continued formation of PhaB3 protein, breakdown of PhaB3 in Re2112 would eventually lead to insufficient reductase activity for normal PHB synthesis. We also found that phaB3 was expressed in fructose cultures but not trioleate cultures, which explains the lack of PHB accumulation by Re2112 in Fig. 2 . While there are many examples of genes whose expression is regulated by the presence of certain carbon sources (9) , it is unclear why it might be advantageous for phaB3 to be regulated in this manner. Given that phaB1 is constitutively expressed at a high level, it is possible that there was little pressure driving the evolution of phaB3 regulation, so there may not be a satisfying explanation for the expression pattern of this gene.
We found that deletion of phaB2 did not lead to an observable phenotype under any of the conditions examined in this study. While the specific activity of purified PhaB2 protein was lower than the activities of PhaB1 and PhaB3, it is clear that phaB2 does encode an active acetoacetyl-CoA reductase. This observation, combined with the low levels of phaB2 expression measured in fructose and trioleate cultures ( Table 2 ), suggests that this gene is not expressed under normal laboratory conditions. Another group similarly concluded that the phaC2 gene, which is immediately downstream of phaB2 in the R. eutropha genome, is unexpressed (27) .
Complementation experiments showed that all three phaB genes could restore some level of PHB production. Despite the fact that native phaB2 expression was never observed, insertion of this gene at the phaB1 locus led to increased PHB storage in Re2115, although not to the level observed in the wild type. Insertion of fabG at the phaB1 locus had no significant impact on PHB accumulation. We found that while purified FabG was able to reduce acetoacetyl-CoA, the specific activity of FabG was significantly lower than that of the purified PhaB enzymes. While other groups have successfully used fabG genes from E. coli and pseudomonads to synthesize PHA precursors, plasmids were used for heterologous gene expression, supplying multiple gene copies per cell (24, 33, 42) . It is therefore possible that higher levels of fabG expression in R. eutropha could increase PHB accumulation in Re2115. In addition, the previously studied FabGs showed preferences for substrates longer than C 4 (24), so R. eutropha fabG may be useful for synthesis of MCL-PHA rather than PHB. The contribution of natively expressed fabG to PHB biosynthesis in Re2115 requires further study, but it is clear that FabG does not play a major role in PHB production in wild-type H16.
The data collected in this study allow us to determine which step limits PHB production during nitrogen-limited growth on fructose. Previous work in which PHA biosynthetic genes were overexpressed in R. eutropha indicated that increases in synthase activity do not affect the rate of PHB accumulation (15, 17, 23) . These results imply that the ␤-ketothiolase and/or reductase reactions limit flux through the PHB pathway. The fact that reductase activity can be decreased from the wild-type level to the level for Re2111 and Re2112 with little change in PHB production suggests that the reduction of acetoacetylCoA is not the limiting step in polymer formation. Thiolase activities differed between H16 and Re2111/Re2112, which presents a possible complication in the analysis. We found, however, that Re2139 had thiolase activity similar to that of H16 and lower reductase activity while still making significant PHB, which confirms that the reductase step does not limit PHB production. Only when reductase activity drops below the level of Re2111/Re2112 does reduction of acetoacetyl-CoA become limiting in the pathway, as is observed with Re2115. The PHB-hyperproducing strain Re2143 had reductase activity above the limiting level and greater thiolase activity than H16, allowing for increased flux through the pathway and greater PHB accumulation than the wild-type organism.
The results of our study illustrate the challenges inherent in using genetics to study different genes in a cotranscribed operon. It has been established that a single nonsense mutation in phaC1 can dramatically alter PhaA and PhaB activities (23) . In our study, deletion of phaB1 increased thiolase activity, likely by increasing expression of phaA. As phaA and phaC1 are cotranscribed (20) , deletion of phaB1 could similarly increase PHA synthase expression. Strains in which phaB1 or phaB3 was inserted into the Re2115 genome had lower levels of reductase activity than strains in which the native phaB1 gene was present (Re2112). The gene insertion procedure leaves several additional base pairs at both ends of the open reading frame not normally present in the operon. It is known that modifications to the intergenic regions of an operon can influence gene expression by changing posttranscriptional processes (28), which may have been the case here. It is also possible that the new RBS used with the inserted genes could be less favorable than the native RBS of each gene. Inserting different reductase genes into the PHB operon will alter the secondary structure of the resulting polycistronic mRNA, potentially effecting the translation of all genes in the operon differently in each complemented strain (18) , which could explain why different levels of thiolase activity were observed in the complemented strains.
Analysis of the PHB molecular weight data is complicated by the fact that the strains examined likely have different rates of HB-CoA synthesis and may also have different levels of PHA synthase activity. It has been shown with purified R. eutropha synthase in vitro and with recombinant E. coli in vivo that higher levels of synthase activity lead to shorter polymer chains (6, 37) . The influence of substrate concentration on PHB molecular weight is less clear. A study with the R. eutropha synthase in vitro using HB-CoA as the substrate found that substrate concentration does not influence molecular weight (6) . Later experiments using the PHA synthase from Allochromatium vinosum with (R)-3-hydroxybutyryl-N-acetylcysteamine as the substrate showed that low-molecular-weight polymer was made at the lowest substrate concentration tested (21) . As the substrate was increased, however, PHB molecular weight reached a plateau and did not increase significantly with further increases in substrate concentration. We have shown that changes to the phaB1 locus alter thiolase activity, so it is probable that phaC1 expression is also changed by these mutations, thereby influencing PHB molecular weight. Despite this issue, valuable insights on the influence of in vivo HB-CoA availability on PHB molecular weight can still be gained from the data presented in this study. When the molecular weights of PHB from H16, Re2112, and Re2115 are compared, it is found that molecular weight decreases with the amount of PHB accumulated. This suggests that lower intracellular HB-CoA concentrations could lead to shorter polymer chains. Comparing Re2112 and Re2115 is especially valuable, as these strains have the same phaB1 deletion, which should have the same influence on synthase expression. Restoring PHB production in Re2115 by the addition of phaB3 increases PHB molecular weight, although not to the level observed in H16. All together, the molecular weight results gathered here suggest that diminished HB-CoA synthesis in vivo corresponds to lower PHB molecular weight. This presents a potential conflict with the previous in vitro results showing no effect of HB-CoA concentration on polymer chain length. Clearly, the in vitro system, which is a batch reaction, varies from the in vivo system, in which substrate is continuously synthesized. The substrate concentrations in the in vitro studies may not match the effective intracellular HB-CoA concentrations generated by the strains in this study and therefore miss the influence of substrate concentration on polymer length. Additionally, PHB made by R. eutropha in vivo is stored within granules, in which there are many proteins present on the granule surface (13) . In vitro experiments are unlikely to capture the complexity of these granules and the effects that interacting proteins may have on the lengths of PHB chains.
We also observed that PHB molecular weight decreased as culture time increased from 48 to 72 h. Previous work has demonstrated turnover of PHB in R. eutropha, with a concurrent decrease in the molecular weight of the stored polymer (43) . The reason for this decrease is not well understood, but it may be related to the finding that at least two PHA depolymerases are expressed in R. eutropha as PHB is being produced (20) . The mechanisms by which PHB molecular weight is controlled in vivo are clearly an area for further investigation.
We have shown that in fructose minimal medium, the enzymes encoded by phaB1 and phaB3 provide the reductase activity for normal PHB biosynthesis in R. eutropha. In other media, only the product of phaB1 is important. Deletion of the phaB genes resulted in R. eutropha strains with significantly reduced PHB accumulation. In most prior work, decreases in PHB synthesis in R. eutropha were achieved by altering the PHA synthase (41) . The ⌬phaB1 ⌬phaB2 ⌬phaB3 mutant has diminished PHB accumulation, while still expressing the wild-type synthase. As previous efforts to study PhaC from the native host grown under PHB production conditions have been complicated by the presence of large quantities of stored PHB (7), our strains may represent useful experimental tools for future studies. The impact of decreased acetoacetyl-CoA reductase activity on metabolite pools in R. eutropha was not explored in this study but represents an intriguing opportunity for future work. Finally, the high level of HB-CoA synthesis in wild-type R. eutropha has led to difficulties in engineering this species to make PHA copolymers with substantial fractions of monomers other than HB. Efforts are under way in our laboratory to construct strains based on Re2115 that are able to produce useful PHA copolymers from a variety of carbon sources.
